INTRODUCTION
The damage control nature of pesticides has not been considered in any previous study on total factor productivity (TFP). Instead pesticides have been treated as a conventional input that affects output directly while in reality their contribution is rather indirect through their ability to reduce crop damage due to pest infestation and diseases. By treating pesticides as a damage control rather than an output expanding input affects the way pesticides appear in the production function. Specifically, as a damage control input, pesticides enter into the production function indirectly through either the abatement (Lichtenberg and Zilberman) or the output damage function (Fox and Weersink) . Consequently, the way of calculating pesticides' marginal product and output elasticity should be revised. In fact, the results of previous empirical studies (e.g., Lichtenberg and Zilberman; Oude Lansink and Carpentier; Oude Lansink and Silva) indicate that the marginal product of pesticides tends to be overestimated when it is modeled as a conventional rather than a damage control input.
This bias in the estimated marginal product of pesticides is going, among other things, to affect both the measurement (if output elasticities instead of cost shares are used to compute input growth) and the decomposition of TFP changes through the magnitude and the relative importance of the scale effect. However, the direction of the bias cannot be predicted with certainty: the upward bias in the estimated marginal product of pesticides results in a greater output elasticity and consequently, in an overestimation of scale elasticity compared to the case of treating pesticides as a damage control input. On the other hand, it also implies that the contribution of conventional inputs to the growth of aggregate input, defined as a weighted average over all inputs with the ratios of output to scale elasticity used as weights (Chan and Mountain), would be understated while that of pesticides would be overstated. Thus the net effect on the growth of aggregate input is undetermined a priori. This in turn implies that that the impact on the scale effect, which depends on both the magnitude of the scale elasticity and the growth of aggregate input, is ambiguous. This paper develops a framework for analyzing the sources of TFP changes by explicitly taking into account the damage control nature of pesticides. In the proposed framework, TFP changes are decomposed into the conventional sources of growth (namely, technical change, scale effect, and changes in technical efficiency), and the damage control effect which consists of three distinct components: the first is due to changes in the initial pest infestation, the second is a spillover effect arising from neighbors' use of preventive inputs, and the third is related to abatement effectiveness. To develop this decomposition framework we extend the output damage approach into two directions: first, we analyze the damage control nature of pesticides in the presence of technical inefficiency and second, we introduce a spillover variable into the abatement technology.
The rest of this paper is organized as follows: the theoretical model based on Fox and Weersink theoretical foundations is presented in the next section. The empirical model and the estimation procedure is discussed in section 3. The data employed and the empirical results are analyzed in section 4. Concluding remarks follow in the last section.
THEORETICAL FRAMEWORK
There are two alternative approaches for incorporating pesticides as a damage control input into a production function: the abatement function (Lichtenberg and Zilberman) and the output damage function (Fox and Weersink) approach. In the former, it is assumed that the true measured impact of pesticides on the effective output is related to the purchased abatement rather than the quantity of pesticides used. As result, abatement rather than pesticides enter directly into the production function since the former is considered as an intermediate input produced by pesticides. In such a setting, the marginal productivity of pesticides reflects their ability to reduce crop damage due to pest infestation and not to increase output directly. In the abatement function approach it is assumed that the marginal productivity of pesticides is decreasing, which sometimes may be though of as a limitation. It is also assumed that the abatement function is independent of initial pest infestation. This implies that the abatement function approach is an appropriate modeling alternative when pesticides are applied in a prophylactic way according to an in-advanced planned schedule.
1 If, however, farmers wait to see the level of pest infestation before start spraying, the abatement function approach results in biased estimates of the production function parameters (Hall and Moffitt) because the error term, which necessarily includes the omitted from the abatement function initial level of pest infestation, is correlated with pesticide use.
On the other hand, in the output damage function approach, it is assumed that the effect of pesticides on the effective output is the result of a process involving two stages: (a) the effect of the damage control input on the damage agent (abatement), and (b) the effect of the remaining damage agent on the effective output. In the first stage, pest incidence depends on the untreated pest population and on the proportion -4 -of it controlled by the abatement activities. In the second stage, effective output is indirectly affected by abatement through the loss caused by the remaining damage agent incidence. By construction, the output damage function approach is more appropriate when pesticides are applied once pest incidence is realized 2 and in addition, for certain specifications of the damage control function, allows for increasing marginal product of pesticides. The case of increasing returns is important from a policy point of view as measures aimed to reduce pesticide use for environmental conservation by imposing a tax may have substantially different effects on the levels of different products.
3
For the purposes of the present study, we employ the output damage approach as spraying for Bactrocera oleae (Gmellin), which is the only pest in olive-tree cultivation, is done once pest incidence is realized. Nevertheless, the framework for the decomposition of TFP developed below is general enough to be used, after making the necessarily adjustments, within an abatement function approach.
Following Fox and Weersink, the damage caused in output by pest incidence b + ∈ℜ can be represented by a non-decreasing and concave function d :
, which measures the proportion of output loss at a given pest incidence.
4 If the damage agent is absent ( ) 
Using (4) it can be shown that the output elasticities of the conventional and the damage control input are related to cost shares as following:
where m refers to factor cost shares defined as k
and E is the scale elasticity defined over the conventional and the damage control input (namely, all inputs that are under the control of the farmer) as
Taking logarithms of both sides of (2) and totally differentiating with respect to time results in: 
rate of abatement effectiveness which for given technology and level of technical efficiency measures the proportional change in effective output that could have been if the quantity of pesticides, the initial pest incidence and the spillover variable had remained unchanged. Then, using (5) and the Divisia index of TFP growth defined over conventional and damage control input, i.e.,
may be written:
The first four terms in the right hand side of (7) consist the traditional sources of TFP growth (i.e., technical change, scale economies, technical efficiency changes). The sum of the third and the forth terms in (7) is the technical efficiency changes effect that may be due to either passage of time (e.g., learning-by-doing) (third term) or to changes in farm-specific characteristics affecting the managerial and organizational ability of farmers (forth term). 8 They contribute positively (negatively)
to TFP growth as long as efficiency changes are associated with movements towards (away from) the production frontier. The technical efficiency change effect is zero and thus has no impact on TFP growth when technical efficiency and all farm-specific characteristics are time invariant.
The sum of the last three terms in (7), which we refer to it as the damage control effect, results from treating pesticides as a preventive rather than an outputexpanding input. As it will be evidence, all three components of the damage control effect contribute to TFP changes through greater actual output rather than through input conservation reflecting the output expanding nature of damage control (abatement) activities. In addition, we should notice that the fifth term in (7), which is related to the effect of initial pest infestation to TFP growth, will be absent within an abatement function approach as in this case pest density does not depend upon initial pest population. Thus, in this case the damage control effect consists of the spillover effect related to neighbors' use of pesticides and the abatement effectiveness effect.
The first of component of the damage control effect reflects the effect of initial pest infestation (fifth term in (7)) and, given that Since actual output will be lower (greater) with an increase (decrease) in the initial level of pest incidence, this is going to have a negative (positive) productivity effect when the initial level of pest incidence increases (decreases) because less actual output will be resulted from any given increase in conventional and damage control input quantities. Thus, unfavourable conditions for pest reproduction, depending on the biological cycle of the damage agent, environmental conditions, etc., may enhance TFP growth as fewer pests harm farm produce and hence less damage occurs in realized output, and vice versa.
The spillover effect (sixth term in (7) i.e., z
The last component of the damage control effect (seventh term in (7)) is related to the rate of abatement effectiveness. Since effective output will be greater with an improvement in abatement effectiveness, this is going to have a positive productivity effect as more effective and thus actual output will be realized from any given increase in conventional and damage control input quantities. However, the rate of abatement effectiveness does not contribute point-for-point to TFP growth but its contribution is proportional to the product of the marginal damage effect Last but not least it is worth mentioning that if someone is interesting in the measurement of the overall impact of pesticides on TFP growth, then the contribution -12 -of pesticides through the scale effect, i.e., ( ) ()
⎦ , should be added to the damage control effect. For this reason this term is presented separately in Table 6 .
EMPIRICAL MODEL
Following Fox and Weersink we assume an exponential specification for both the damage and the control functions. Then, the production frontier function in (2) may be written as:
where subscript i is used to index farms, β and λ are parameters to be estimated, it v is a symmetric and normally distributed random error representing those factors that cannot be controlled by farmers, measurement errors in the dependent variable, and omitted explanatory variables,
is an one-sided error term capturing technical inefficiency and,
where ζ is the vector of parameters to be estimated. Substituting (9), (10) and (11) into (8) 
where subscript s indexes farm-specific characteristics. The resulted model is nonlinear and it can be estimated by extending the estimation framework suggested by Battese and Coelli. 11 After estimation, farm-specific estimates of technical inefficiency are obtained directly from the estimated mean and variance of u it as follows (Battese and Broca): On the other hand, the primal rate of technical change is measured as:
and the scale elasticity as:
Similarly, the spillover elasticity and the output damage elasticity of initial pest incidence are calculated as: 
respectively. Finally, the rate of abatement effectiveness is measured as:
Then the above relations are used to decompose of TFP changes using (7).
DATA AND EMPIRICAL RESULTS

Data
The data for this study are taken from the Greek National Agricultural Research (13) were converted into indices. The basis for normalization was the farm with the smallest deviation of its output and input levels from the sample means.
In the inefficiency effect function we include the following variables which are assumed to affect efficiency differentials: farm owner's education, measured in years of schooling, the family size measured as the number of persons in the household, an aridity index defined as the ratio of the average annual temperature in the region over the total annual precipitation (Stallings, 1960) , the altitude of farms' location measured in meters, and the number of extension visits in the farm. Summary statistics of the variables used in the empirical model are given in Table 1 .
Empirical Results
The ML estimates of the generalized Cobb-Douglas stochastic production frontier are presented in Table 2 . All the estimated parameters of the conventional inputs and of pesticides have the anticipated magnitude and sign and the majority of them are statistically different than zero at least at the 5% level of significance. As a result concavity of the production function with respect to both conventional and preventive inputs is satisfied at the point of approximation (i.e., the sample means). This means that the marginal product of both conventional and damage control inputs are positive and diminishing. Thus, although our model specification allows for the presence of increasing marginal returns to pesticides, the data does not support that finding.
Average values of the estimated output elasticities and marginal products are given in Table 4 .
The ratio-parameter, γ, is positive and statistically significant at the 1% level of significance, indicating that the technical inefficiency is likely to have an important effect in explaining output variability among farms in the sample. According to the estimated variances, output variability is mainly due to technical inefficiency rather than statistical noise. We further examined this finding using conventional likelihood ratio test and the results are presented in Table 3 . 12 First, the null hypothesis that Mean technical efficiency is found to be 74.76% during the period 1999-03
implying that olive-oil produce could have been increased substantially if farmers' performance was improved (see Table 5 ). Specifically, a 25.24% increase in olive-oil With the exception of altitude, the farm-specific characteristics considered have had a statistically significant effect on technical efficiency. In particular, it is found that education leads to better utilisation of given inputs as it enables farmers to use technical information more efficiently. Extension services seem also to improve farmers' managerial ability to affect the efficient utilization of existing technologies by improving their know-how (Birkhaeuser, Evenson and Feder) . Family size tends to result in higher efficiency due to stronger incentives by rural household members.
On the other hand, adverse environmental conditions as proxied with the aridity index seem to affect negatively individual efficiency levels.
The next set of hypotheses testing concerns with returns to scale and technical change (see middle panel in Table 3 ). In particular, the hypothesis of constant returns to scale ( ) i.e., j β = ∀ are both rejected at the 5% significance level (see Table 3 ) and thus technical change has also been an important source of TFP. The average annual rate of technical change is estimated at 1.21%. Regarding technological biases, technical change is found to be labor-and other costs-saving and land-neutral as the relevant estimated parameter was found to be statistically insignificant.
The estimated parameters of the damage and control functions, reported in Table   2 , have the anticipated signs and are statistically significant. Based on these, the hypothesis of zero marginal effectiveness of abatement ( )
rejected at the 5% level of significance (see Table 3 ). On the other hand, both the hypotheses of a zero spillover effect and of an unchanged abatement effectiveness ( ) 0 and 0
S t
i.e., ζ ζ = = are also rejected (see Table 3 ). Thus, pesticides had a positive contribution to pest abatement, with the impact from own use to be much greater than that of the neighboring farms (see Table 4 for the average estimated values of these impacts in elasticity form). The positive estimated parameter of the -19 -spillover variable indicates however some (even though small) synergies in pesticides use. In addition, there are evidence of improvements in abatement effectives as the relevant estimated parameter ( T ς ) is found to be positive and statistically significant.
All these advocate the presence of the damage control effect and its potential role in TFP changes.
The empirical results concerning the decomposition of TFP changes based on (7) are reported in Table 6 . The average annual rate of TFP growth is estimated at 1.58%. The vast portion (95%) of TFP changes is attributed to the conventional sources of growth (namely, technical change, scale effect, and technical efficiency changes) and the remaining 5% to the damage control effect. Even though the damage control effect is relatively small compared to the conventional sources of growth it cannot be neglected by any means as the aforementioned hypotheses testing indicated.
Among the conventional sources of TFP growth, technical change is found to be the most important as it accounted for 76.7% of TFP growth. As it can be seen from Table 6 , the neutral component of technical change is its driven force. On the other hand, the scale effect is negative due to the presence of decreasing returns to scale and increasing aggregate input. The growth of the aggregate input is mainly due to the growth of the conventional inputs as pesticides used had decreased in the period under consideration. However, neither the weight (i.e., output elasticity) nor the decrease in pesticides use was enough to outweigh the growth in conventional inputs and thus the scale effect had a negative impact on TFP growth. Technical efficiency changes were the second most important source of TFP growth after technical change and it accounted for 30.8% of TFP growth. The positive technical efficiency changes effect indicates movements toward the frontier over time. As it can been seen from Table 6 , all time varying farm-specific characteristics as well as the passage of time have contributed positively to technical efficiency changes and thus to TFP growth.
Abatement effectiveness is by far the most important source of growth among the components of the damage control effect. The estimated average annual rate of abatement effectiveness of 1.48% has contributed 0.084 points of the 1.58% annual growth of TFP, which accounts for 5.3% of its annual growth rate. On the other hand, both the pest population and the spillover effect had a negative impact to TFP growth due perhaps to favorable conditions for pest reproduction and decreased pesticides application by all farmers, respectively. Even though the existence of these two components of the damage control effect cannot be challenged in statistical grounds (see Table 3 ), their combined impact on TFP growth is rather marginal. In particular, they accounted together for only -0.3% of annual TFP growth.
Finally, the overall contribution of pesticides to TFP growth is estimated at 5.5%. This represents the sum of the damage control effect and the proportion of the scale effect associated with pesticides use. The latter has a positive impact on TFP growth as pesticides use was declined under decreasing returns to scale. This implies that increases in the use of pesticides, even when are effective in killing pests, would not result in TFP gains if farm size is greater than that maximizing ray average productivity. In addition, the proportion of the scale effect associated with pesticides use more that offset the negative impact of the pest population and the spillover effects.
CONCLUDING REMARKS
This paper develops a theoretical framework for decomposing TFP growth by taking explicitly into consideration the indirect impact that pesticides have on farm output.
Recognizing the damage control nature of pesticides may correct some biases in the measurement and decomposition of TFP related to the overestimated output elasticity of pesticides when it is modelled as an output expanding input. In the proposed framework, TFP changes are decomposed into the effects of technical change, scale economies, changes in technical efficiency and the damage control effect. The latter consists of three distinct elements: that due to changes in the level of initial pest infestation, the spillover effect arising from neighbours' use of pesticides, and the effect associated with changes in abatement effectiveness.
The model is applied to a panel of olive-growing farms in Crete, Greek during the 1999-03 period. The empirical results suggest that technical change was the main source of TFP growth, following by the effect of technical efficiency changes. The damage control effect, on the other hand, accounted for a small portion (5%) of TFP growth. The small contribution of the damage control effect may be specific to the peculiarities of olive-tree cultivation and definitely does not imply that it can be neglected without making any difference. To properly decompose the sources of TFP changes we should explicitly consider the preventive nature of pesticides and thus account for the damage control effect, regardless of its magnitude in each study case. 
χ =
1 In this case, the asymptotic distribution of the LR-ratio test is a mixed chi-square and the appropriate critical values are obtained from Kodde and Palm (1986) . 
